Mitosis is the shortest but most visually stunning phase of the cell cycle, particularly in metazoan cells, in which the mitotic apparatus and chromosomes can be followed directly by high-resolution microscopy. In these cells, the mitotic spindle -the macromolecular machine responsible for chromosome segregationcomprises over 800 proteins 1 . Structurally, the spindle is built from highly dynamic microtubules
. Most of the less dynamic microtubule minus ends reside near the poles of the spindle, whereas the more dynamic plus ends extend towards the spindle equator and the cortex of the cell (FIG. 1) . As a result, microtubules between the spindle poles are organized into an antiparallel array, and microtubules outside of the spindle body form two radial asters that converge on the spindle poles.
The key interaction between chromosomes and microtubules occurs at the centromere of the chromosome, which contains two identical macromolecular complexes termed kinetochores. Kinetochores attach the chromosome to a subset of spindle microtubules called the kinetochore microtubules, which are organized into bundles known as kinetochore fibres (k-fibres). Challenges for a cell are ensuring that the spindle microtubules attach properly to each of the many chromosomes (46 in humans), positioning them at the spindle equator and ultimately driving the poleward movement of sister chromatids to the opposite poles of the spindle. The segregation of multiple chromosomes in a cell must be executed in perfect synchrony, which implies that the state of every chromosome is monitored by the spindle and that mitotic exit is delayed until all chromosomes are attached. This monitoring is achieved through a pathway termed the spindle assembly checkpoint 2 . Finally, given the complexity of the system, sporadic errors in chromosome attachment to the spindle microtubules are inevitable. Failure to correct these errors results in chromosome missegregation, a condition that underlies chromosomal instability, which is a hallmark of aggressive malignancies 3, 4 . How the spindle integrates all of its tasks remains unclear. However, significant progress has been made recently in understanding the mechanisms that drive the complicated movements of chromosomes on the spindle.
The process of mitosis is divided into distinct phases that are defined largely by the organization and behaviour of the chromosomes (FIG. 1;  see Supplementary information S1 (movie)). During prophase the chromosomes become progressively condensed inside the nucleus. In parallel, microtubule nucleation at centrosomes increases fivefold from the level seen during interphase 5 and microtubules become more dynamic 6 . Nuclear envelope breakdown marks the transition between prophase and prometaphase, during which the attachment of the microtubules to the chromosomes begins. During prometaphase, chromosomes exhibit a complex pattern of movement that is often described as 'the dance of chromosomes' in classic cytology literature. Some chromosomes move poleward while other chromosomes move away from the spindle poles and others remain relatively motionless. Over time, these seemingly chaotic movements result in the congression of chromosomes to the spindle equator, such that more and more chromosomes become aligned between the separated spindle poles. Congression of the last 
Segregation
The process by which sister chromatids are distributed to two daughter cells.
Spindle assembly checkpoint
A surveillance mechanism that monitors the attachment state of individual chromosomes. The checkpoint blocks anaphase onset until the kinetochores are attached to microtubules of the spindle.
Centrosome
A specialized organelle at the spindle pole that is the site of microtubule nucleation.
Congression
The process by which chromosomes align at the spindle equator.
chromosome marks the transition to the next stage of mitosis, metaphase -the stage at which all chromosomes are aligned at the spindle equator. Shortly after metaphase alignment, the cohesion between sister chromatids is broken, and the cell enters anaphase. At this stage, new daughter chromosomes move poleward (anaphase A) and the poles separate from each other (anaphase b). During the next stage, telophase, the chromosomes decondense as the nuclear envelopes reform around the two daughter nuclei. The cell is divided in two by cytokinesis, but the sister cells remain connected by a thin bridge termed the midbody. Finally, abscission of the midbody results in the complete separation of the two daughter cells.
Although the goal of mitosis -equal segregation of chromosomes -is achieved during anaphase, it is becoming increasingly clear that the proper attachment and alignment of the chromosomes, which occurs during prometaphase, is the defining aspect of mitosis that holds the key to understanding the fidelity of genome inheritance. In this review, we combine a historical perspective with current ideas regarding mechanisms of chromosome behaviour during mitosis. Our focus is not on the detailed molecular mechanisms of spindle assembly, kinetochore architecture or checkpoint signalling, which have been covered extensively in several excellent recent reviews 2, [7] [8] [9] . Instead, we present key findings that guide current thinking in the field and provide our perspective of the challenges that remain for the future. It should be noted that although we focus primarily on mitosis in metazoa, most of the principle components of the molec ular machinery that drives cell division are common among different phyla.
chromosome attachments on the spindle
The crucial region on chromosomes for interaction with the mitotic spindle is at the kinetochores. Proper chromosome segregation requires that both kinetochores on each chromosome attach to spindle micro tubules. Furthermore, chromosomes must be bi-oriented, with sister kinetochores connected to the opposite spindle poles. This highlights the need for a cell to monitor how attachments are made, and to sense whether attachments are made correctly and correct any that are not.
Kinetochores mediate chromosome attachment. The architecture of the kinetochore has been characterized in detail by classic electron microscopy in chemically fixed samples. These studies first defined the kinetochore as a trilaminar plate-like structure with electron-opaque outer and inner plates separated by an electron-translucen t middle layer 10 (FIG. 2a) . On the outer plate of an unattached kinetochore is a fibrous corona, which is proposed to form the major site for microtubule capture by the kinetochore 11, 12 . More recent analyses of the kinetochore structure, which employed high-pressure freezing instead of chemical fixation, revealed that the microtubules terminate in a mat of lightly stained material at the centromeric heterochromatin rather than in a distinct trilaminar plate, suggesting that the plate-like structure may be a consequence of chemical fixation 13 . In this mat of material, individual connections to the microtubule ends seem to be distinct in attached versus unattached kinetochores 14 , suggesting that attachments of microtubules are correlated with structural changes at the kinetochore.
The past 10 years have seen a big increase in our understanding of the molecular identity of the key proteins that direct kinetochore assembly. The kinetochore contains several highly conserved protein complexes, such as the MIS12, KNl and NDC80 complexes, that all have a distinct role in the hierarchy of kinetochore assembly 8, 9 . Despite substantial variations among the DNA sequence of centromeres in different organisms 15 , the protein complexes that assemble on this centromeric heterochromatin are remarkably conserved throughout evolution. This suggests that a unique fundamental architecture exists, which is advantageous for maintaining a strong but dynamic linkage between microtubules and kinetochores.
Box 1 | Microtubule dynamics in the spindle
Microtubules are dynamic polymers that are assembled from tubulin heterodimers, which are organized such that the microtubules have an intrinsic polarity (see the figure, part a). Microtubules undergo periods of polymerization and depolymerization and interconvert randomly between these states, a property known as dynamic instability. Although microtubules exhibit dynamic instability at both ends of the microtubule, the plus ends are more dynamic than the minus ends. Microtubules in the spindle also exhibit dynamic instability (see the figure, part b), which occurs primarily at the plus ends of the microtubules as the minus ends are often capped at the centrosome. However, spindle microtubules and kinetochore (k)-fibres exhibit an additional dynamic property, known as microtubule flux, in which there is a net addition of tubulin heterodimers at the plus ends near the kinetochores and a net loss of tubulin subunits at the minus ends near the centrosomes (see the figure, part c). 
Bi-oriented
Here, used to describe the attachment of a chromosome to microtubules emanating from opposite spindle poles.
Centromeric heterochromatin
Distinct regions of chromatin at the centromere of a chromosome that are highly condensed and contribute to specifying the location of kinetochore assembly.
Geometry of kinetochore-microtubule attachments.
To be distributed equally between the daughter cells, chromosomes must establish proper 'amphitelic' attachments to spindle microtubules, whereby one kinetochore attaches to microtubules emanating from one spindle pole, while the sister kinetochore attaches to the microtubules from the opposite spindle pole
. Achieving amphitelic attachments usually involves intermediate steps. Initially, kinetochores associate laterally with microtubules so that the kinetochore outer plate is parallel to the microtubule lattice. This lateral association is subsequently replaced with a proper end-on microtubule attachment. Owing to a lack of coordination between the attachments of sister kinetochores, many chromosomes undergo a transient 'monotelic' state, in which only one of the sister kinetochores interacts with microtubules in an end-on manner. There are also two types of erroneous kinetochore attachments that intermittently occur during spindle assembly. In one, the 'syntelic' state, both sister kinetochores interact with microtubules that emanate from the same spindle pole. In the second, the 'merotelic' state, a single kinetochore simultaneously connects to both spindle poles. Syntelic and merotelic attachments must be resolved by special correction mechanisms or they will result in chromosome missegregation [16] [17] [18] [19] . It was originally proposed that kinases were involved in the error correction process because treatment of cells with kinase inhibitors perturbed chromosome movements, resulting in an inaccurate chromosome distribution 20 . The correction mechanisms are now known to involve the Aurora b kinase, which regulates the activity of multiple key players that help mediate proper microtubule attachment. It has been postulated that phosphorylation of NDC80 regulates the plus end dynamics of kineto chore microtubules 21, 22 , which allows Aurora b to modu late the strength of the microtubule attachment. In addition, Aurora b phosphorylation of mitotic centromereassociated kinesin (MCAK; also known as KIF2C) regulates the association of MCAK with kinetochores and centromeres, and inhibits the microtubule depolymerization activity of MCAK [23] [24] [25] . The ability of Aurora b to phosphorylate kinetochore proteins depends on the In interphase, most of the chromatin is decondensed in the nucleus so that individual chromosomes cannot be seen, and the microtubules are organized in a radial array from the centrosome. During prophase, the chromosomes become highly condensed, and the centrosomes begin to separate. Nuclear envelope breakdown manifests the transition between prophase and prometaphase so that the individual chromosomes are no longer constrained in the nucleus. During prometaphase, kinetochore (k)-fibres (bundles of stabilized microtubules) connect the spindle microtubules and the kinetochores on the chromosomes, such that the chromosome can align at the spindle equator, which defines metaphase. The microtubules are uniformly oriented with their minus ends at the centrosome and their plus ends extending towards the spindle equator, where they often overlap. The astral microtubules emanate from the centrosomes and extend their plus ends towards the cell cortex. The movement of the chromosomes towards the poles occurs during anaphase A, and the two spindle poles separate during anaphase B. The nuclear envelope begins to reform and the DNA begins to decondense during telophase. An organized central spindle bundle of microtubules is also present. Cytokinesis divides the cytoplasm of the cell so that the two daughter nuclei are segregated into individual cells, which enter interphase and begin the process again. 
Astral microtubule
A microtubule that emanates from the spindle pole to the cell cortex.
geometry of the centromere. In an amphitelic configuration sister kinetochores are pulled towards the opposite spindle poles, which spatially separates Aurora b from its substrates 26 . In contrast, erroneous attachments do not stretch the centromere, allowing Aurora b to destabilize k-fibre microtubules. These recent studies are important because they allow us to put some of the classic micromanipulation experiments looking at the role of tension at the centromere and error correction into a molecular perspective 27 . There are also additional mechanisms that regulate microtubule stability, such as the presence of a gradient of Aurora b kinase 28 . Together, these mechanisms ensure that improper attachments are swiftly corrected, while proper attachments are maintained.
Kinetochores attach to dynamic microtubules. Although k-fibres are less dynamic than astral microtubules, kinetochore-associated microtubule ends still undergo cycles of polymerization and depolymerization
. even slight deviations in k-fibre microtubule dynamics result in chromosomal instability 29, 30 . Thus, kinetochores have to maintain stable attachments to microtubule ends that are loose enough to be able to adjust to the changing state of the microtubule ends. Conceptually, this apparent controversy was solved by Hill, who postulated that individual microtubules in the kinetochore are encircled by 'sleeves' with multiple dynamic linkages between the kinetochore and the microtubule 31 . In this organization, force-generating tethers connect the sleeve with the wall of the microtubule, leaving the microtubule tip accessible for the complexes responsible for the regulation of micro tubule dynamics (FIG. 2b) . A recent high-resolution electron microscopy tomography study confirmed the existence of two distinct fibrous connections between the kinetochore and k-fibre microtubules 14 . One set of fibres directly encircles the tip of the microtubule and another set of fibres attach to the microtubule wall (FIG. 2c) . Intriguingly, the two types of connections do not seem to form a discrete micro tubule-binding site. Instead, the organization of the outer plate of the kinetochore resembles a spider's web, which allows the kinetochore to interact with micro tubules at various angles.
The exact molecular nature of the tethers between kinetochores and the microtubule lattice has not been established. Originally, it was hypothesized that the tethers were formed by motor proteins, which couple the energy of ATP hydrolysis to force production 32, 33 . More recently, the NDC80 complex emerged as a candidate for establishing the kinetochore-microtubule interface because it has both microtubule-and kinetochore-binding sites [34] [35] [36] [37] . The NDC80-microtubule interactions seem to be sufficiently strong to maintain connections with microtubule ends under the weight of an associated chromosome. In addition, NDC80 was shown to processively track the depolymerizing microtubule ends 38 , providing a potential molecular basis for Hill's sleeve model, in which the dynamic NDC80 linkage slides the kinetochore along a microtubule. One interesting correlation is that the size and the angle of the fibres that approach the microtubule lattice in the electron microscopy tomography reconstruction of the k-fibre 14 match the size and the angle of the NDC80 hooks that decorate microtubules in vitro 37, 39 , providing evidence that NDC80 might be the primary microtubule linker at the kinetochore.
An alternative view of dynamic kinetochoremicrotubule attachments emerged from studies of the Saccharomyces cerevisiae Dam1 (also known as DASH) complex 40 . In vitro assemblies of the Dam1 complex form Figure 2 | organization of the kinetochore-microtubule interface. a | An electron microscopy section (100 nm) of a chemically fixed PtK1 cell. The kinetochore appears as a trilaminar plate (arrow) adjacent to the chromatin. Several microtubules (arrowheads) form a prominent bundle that terminates in the kinetochore outer plate. The ends of some microtubules penetrate deeper into the chromatin (right arrowhead). b | In the 'Hill sleeve' model 31 the microtubule-kinetochore interaction occurs by two distinct attachments: the links responsible for force generation connect the kinetochore with the wall of the microtubules (double arrows), and the complexes responsible for the regulation of microtubule dynamics interact directly with the tip of the microtubule (single arrows). c | An electron microscopy tomography reconstruction of the kinetochores in mammalian cells also indicates that there are two distinct attachment points: the tip of the microtubule is embedded in a radial mesh in the kinetochore outer plate (red) and a set of dense fibres extends out to bind the microtubule walls (arrow). d | In this view, a ring formed by oligomerization of Dam1 complexes encircles the end of a microtubule. The ring is capable of limited movement along the microtubule lattice but cannot easily detach from the tip of the microtubule. e | An electron microscopy tomography reconstruction of the microtubule end at the kinetochore interface, depicting a set of fibrils connecting the kinetochore to the inner surface of microtubule protofilaments. One wall of the microtubule (cyan) and the fibrils (red) are colour-traced for clarity. Image in part c is modified, with permission, from Nature Cell Biology 2d) . This is an enticing model because it eliminates the need for force-generating connections from the Hill model. Instead, depolymerizing microtubules provide the energy that is necessary to move the chromosome 33, 42 and the Dam1 ring acts as a ratchet, allowing the kinetochore to track the plus end of the microtubule. Compatible with this idea, it has been shown that minus end-directed molecular motors are not essential for chromo some movements in S. cerevisiae 43 . Furthermore, the Dam1 complex is not essential when minus end-directed molecular motors are present 44, 45 . It should be noted that Dam1 is poorly conserved in higher eukaryotes, and disruption of putative mammalian orthologues (spindle and kinetochore associated 1 (SKA1), SKA2 and SKA3 (also known as rAMA1)) has relatively mild effects on chromosome segregation [46] [47] [48] . Thus, it is likely that Dam1 represents an adaptation for the unique S. cere visiae situation, in which each kinetochore attaches to a single microtubule 49, 50 . This type of attachment probably requires a specialized type of linkage in addition to that provided by the NDC80 complex and/or by other conserved kinetochore components. Finally, it is noteworthy that so far no ring-like structures have been visualized in kinetochores in situ, even in S. cerevisiae. Thus, it is likely that non-encircling fibres of Dam1 oligomers, instead of complete rings, are responsible for the coupling between microtubules and kinetochores 51 . Indeed, a recent study identified thin fibrils that extend from the kinetochore to the inner lattice of microtubule ends 52 . It will be interesting to establish the chemical nature of these fibrils, as they highlight the fact that the link between kinetochores and micro tubule ends is likely to be more complex than had originally been envisioned (FIG. 2e) .
In vertebrate cells, a typical k-fibre comprises 20-25 microtubules 53 , which means that transient loss of connection between the kinetochore and each individual microtubule would not result in the detachment of the entire k-fibre. However, the multiplicity of microtubules in the k-fibre also implies the existence of a mechanism that coordinates polymerization and depolymerization of these bundled microtubules. The nature of this mechanism remains unclear. Somewhat surprisingly, a recent structural study found a mixture of microtubule end conformations that were thought to represent polymerizing and depolymerizing microtubules in individual k-fibres 54 . This result suggests that the dynamics of individual microtubules in a k-fibre are not strictly coordinated. However, an alternative explanation is that, in contrast to the in vitro situation, the structural conformation of the microtubule plus end in the k-fibre does not correlate with the polymerization or depolymerization state.
Forces at chromosomes and kinetochores
The multiplicity of interactions between chromosomes and microtubules correlates with the various forces that drive chromosome movements during mitosis. Some of these forces act on chromosome arms but most are generated at the kinetochore. Our current knowledge regarding the nature of these forces comes from live cell observations and from in vitro chromosome motility assays, in which the direct measurement of force is more readily achievable. Mathematical modelling has also provided additional insight into how forces at chromosomes and at kinetochores contribute to chromosome motility. below, we briefly outline the forces that act on chromosomes before delving into their underlying molecular mechanisms.
Forces associated with chromosome arms. Mazia once compared the role of chromosome arms during mitosis with that of a corpse during a funeral: "They provide the reason for the proceedings but do not take an active part in them. " 55 However, this elegant comparison was an overstatement as recent data suggest that forces acting on chromosome arms strongly influence chromosome behaviour. In vertebrates, any fragment of a chromosome that lacks a kinetochore is inevitably expelled from the spindle by the action of a force called the polar wind 56 . The molecular nature of this force remains largely unknown (see discussion below); however, laser microsurgery experiments show that it is sufficiently strong to deliver a chromosome arm from the vicinity of the spindle pole to the spindle equator 57 . Furthermore, the pattern of the centromere movements probably changes when the arms are severed 58, 59 . If not corrected, a syntelic attachment will result in the segregation of both sister chromatids to a single daughter cell. In a 'merotelic' attachment, a single kinetochore is attached to microtubules extending from both spindle poles (see part d in the figure) . At anaphase onset, a merotelic attachment will lead to lagging chromatids being left behind at the spindle equator and can lead to aneuploidy.
Mono-oriented
Here, used to describe the attachment of a chromosome to microtubules coming from a single spindle pole.
Forces in kinetochore-microtubule dynamics. Kinetochore activities are essential for the poleward movement of chromosomes. High-resolution differential interference contrast analyses reveal that the kinetochore residing on the front of the moving chromosome, called the leading kinetochore, is often stretched, as if the chromosome is pulled by the kinetochore 60 . Consistent with this observation, severing the centromere between the sister kinetochores with a laser beam results in the leading kinetochore continuing to move poleward while the trailing kinetochore stops moving 57 . Intriguingly, the force generated at the kinetochore does not seem to depend on the number of microtubules in a k-fibre bundle. In fact, the number of microtubules attached to the leading kinetochore can be smaller or larger than the number on the trailing kinetochore 53 . Thus, directionality of the chromosome movement is determined by complex mechanisms that regulate the coupling of kinetochores to dynamic microtubules. It is also likely that the forces associated with chromosome arms (that is, the polar wind) either directly influence chromosome behaviour or indirectly influence the activity of kinetochores 61 .
Forces associated with laterally attached kinetochores.
Although establishing an end-on microtubule-kinetochore attachment is traditionally viewed as a prerequisite for proper chromosome behaviour, it has become clear that many types of chromosome movements can be supported by lateral interactions between kinetochores and microtubules. One movement that specifically requires kinetochores to become laterally associated with astral microtubules is the rapid poleward gliding exhibited by some chromosomes during prometaphase 62 . lateral interactions can also move chromosomes towards the spindle equator during congression 63, 64 . This mode of congression is predominant during meiosis 65, 66 . Of relevance here is that lateral kinetochore interactions support both poleward (towards microtubule minus ends) and anti-poleward (towards microtubule plus ends) movements. In both cases, the force is likely to be generated by molecular motors that are bound to the kinetochore 64, 67 . The multiplicity of forces that act on a chromosome raises the important question of what dictates the particular pathway of movement for any given chromosome. A related question is how chromosomes integrate different mechanisms during a particular type of movement; for example, during chromosome congression. More definitive answers to these questions lie in the development of better markers and imaging systems to track the motility of kinetochores, as well as more sophisticated means of monitoring the behaviour of individual chromosomes and kinetochores.
Mechanisms of chromosome congression
Although the exact trajectory of each chromosome in the process of spindle formation during prometaphase is unique, these complex behaviours ultimately result in chromosome congression -the alignment of chromosomes at the spindle equator. Here, chromosomes remain stably 'bi-oriented' (simultaneously connected to both spindle poles) until anaphase. Thus, congression involves both establishing proper amphitelic kinetochore attachments and the alignment of chromosomes at the spindle equator. unfortunately, chromosome congression is also a perfect example of a 'chicken and egg' scenario, with no clear indication of whether bi-orientation is necessary for congression or if chromosome congression promotes bi-orientation. Several models have been proposed to explain the transition from monotelic mono-oriented to amphitelic bi-oriented chromosome attachments.
Search and capture model. In the classic search and capture model 68 (FIG. 3a) , monotelic chromosomes are expected to remain near one spindle pole until a microtubule emanating from the opposite spindle pole makes an attachment to the opposite sister kinetochore. The now bi-oriented chromosome moves towards the spindle equator by the action of microtubule depolymerization at the leading kinetochore, perhaps coupled to the action of kinetochore-associated microtubule motors such as centromere-associated protein e (CeNPe) 69, 70 and cytoplasmic dynein 67 . A key feature of this model is that an amphitelic attachment is essential to the congression process. Although the model is very intuitive, computer simulations suggest that the probability of the unattached kinetochore on a mono-oriented chromosome becoming bi-oriented is extremely low. Thus, congression of the 46 human chromosomes would require several hours 71 . However, in vivo, chromosomes become fully congressed in 10-15 minutes, which implies that other pathways contribute to the process.
Kinetochore-mediated k-fibre formation. Many classic cytologists believed that k-fibres originate directly at kinetochores 72 rather than through the capture of centrosomal microtubules (FIG. 3b) . In support of this, microtubules are seen at the chromosomes in vitro 73 or after washout of microtubule depolymerizing drugs in vivo 74, 75 . More recently, kinetochore-mediated formation of k-fibres and their subsequent incorporation into the rest of the mitotic spindle was seen in live cells 76, 77 . It is likely that k-fibre formation is initiated when a kinetochore captures short, non-centrosomal microtubules that are nucleated in the vicinity of the centromere owing to the activity of the protein rAN 78 . Once captured, the plus ends of these microtubules begin to steadily polymerize inside the kinetochore, which pushes the naturally stable microtubule minus ends outwards. These minus ends eventually encounter other spindle microtubules and are transported poleward by a dynein-mediated mechanism. This transport of the k-fibre repositions the chromosome at the spindle equator. Thus, similar to the search and capture model, attachment of both kinetochores to k-fibres is a prerequisite for congression. However, kinetochore-mediated k-fibre formation seems to be more universal as it readily explains how k-fibres can be generated in cells lacking centrosomes, such as those in female meiosis in flies or in plant cells 79, 80 . A major question in either the search and capture model or the k-fibre nucleation model is to understand how and why chromosomes align at the spindle equator. One of the earliest models for chromosome congression, the traction fibre model, was put forward by Ostergren 81 , who postulated that k-fibres generate a poleward force that is proportional to their length. The forces of sister k-fibres should come to balance when the chromosome is positioned at the spindle equator (FIG. 3c) . Although this idea has gained some experimental support in plants and invertebrates, there is little data to support the traction-fibre model in vertebrates 82, 83 . Kinetochore motors contribute to congression. Molecular motor-mediated gliding of unattached kinetochores alongside microtubule bundles provides a radical alternative to the congression models described above. both plus end-and minus end-directed motors, such as CeNPe and cytoplasmic dynein, associate with kinetochores, suggesting that motors could drive the movement of chromosomes either towards or away from the spindle equator [84] [85] [86] (FIG. 4a,b) . Indeed, in vitro reconstitution experiments showed that isolated chromosomes could move along in vitro polymerized microtubules, and the direction of movement seemed to be regulated by phosphorylation of unidentified proteins 87 . The finding that loss of the plus end-directed kinesin CeNPe was associated with a failure in chromosome congression provided the first real evidence that motors drive chromosome motility 69, 70, 86 . More recently, CeNPe was directly implicated in the movement of mono-oriented chromosomes to the spindle equator 63, 64 . During this movement, the leading kinetochore is not attached to microtubules in the classic end-on manner but seems to be attached laterally, highlighting the importance of the dynamic linkage of kinetochores to microtubule ends. This study also shows that chromosome congression can precede the establishment of the amphitelic attachment. The polar wind model. A complementary, but not necessarily mutually exclusive, model is one in which the polar wind contributes spatial cues that allow chromosomes to find the equator. An initial version of this idea was proposed in 1937 by Darlington, who suggested that repulsive forces generated by the spindle poles can push the chromosomes to the spindle equator 88 (FIG. 4c) .
This was an incredibly insightful idea, given that it took nearly 50 years before the existence of a polar wind was directly shown by laser microsurgery experiments 56 . The molecular nature of this force remains unknown today. One possibility is that the polar wind is generated by the plus ends of astral microtubules mechanically pushing against the chromosomes. In agreement with this, depolymerization of astral microtubules by nocodazole or colcemid prevents expulsion of the severed chromosome arms from the spindle, whereas stabilization of microtubules by taxol drives chromosomes to the periphery of the astral array of microtubules 89 . Another possibility is that the polar wind is derived from chromosome arm-associated motor proteins (FIG. 4d) . The kinesin 10 family member, KID (also known as KIF22), is a plus end-directed motor that dynamically localizes on the chromosome arms 90,91 , where it can position the arms at the spindle equator 92, 93 . whereas the effects on chromosome alignment on inhibition of KID are somewhat subtle in bipolar spindles 91, 94, 95 , loss of KID in mono-astral spindles results in an accumulation of chromosomes in the aster centre, suggesting that KID might be particularly important in cells with chromosomes that are not bi-oriented 94 . The Xenopus laevis kinesin 4 member kinesin-like protein 1 (KlP1; also known as KIF4) is also important for chromo some alignment 96 , but it is unclear if the failure to congress after KlP1 perturbation is owing to the need for KlP1 to interact with microtubules near the chromo somes 96, 97 , the activity of KlP1 in the regulation of plus end microtubule dynamics 98 or the role of KlP1 in chromo some condensation 99 . Finally, the observation that disruption of the polar wind by severing the chromosome arms alters kinetochore motility 59 highlights the growing consensus that congression is not a singular event but rather an integration of numerous forces and activities that cooperate to carry out the important task of aligning chromosomes at the spindle equator.
Factors governing chromosome movement
The dramatic movements of chromosomes on the spindle are often characterized by the rates and direction of motility. we are just beginning to understand the complex activities that modulate chromosome behaviour.
Velocity of chromosome movement. Intuitively, it seems that quantitative descriptions of the velocity and directionality of chromosome motion should provide insights into the mechanisms underlying this process. However, kinetic analyses of chromosome behaviour have so far failed to reveal interrelationships between different activities of kinetochores, dynamic microtubules and chromosome arms. The velocity of both poleward and anti-poleward chromosome movements is remarkably constant for attached chromosomes, at ~ 2 μm min -1 . This rate of motion is much slower than the rates of polymerization of microtubules in the spindle (11-13 μm min , suggesting that kinetochore attachment somehow governs the rate of chromosome motility. likewise, microtubules depolymerize at ~17 μm min -1 , faster than the rates of chromosome motility.
The velocities of chromosome motility are more consistent with the rates of motor proteins associated with kinetochores. For example, CeNPe moves microtubules in vitro at ~1.8 μm min -1 (REF. 102 ), which is close to the measured values for chromosome motion towards the spindle equator (FIG. 4a) . Similarly, cytoplasmic dynein is a fast microtubule minus end-directed motor, consistent with the observation that disruption of dynein at kineto chores leads to a loss of the initial rapid movements of laterally associated kinetochores towards spindle poles in early mitosis 67 (FIG. 4b) . Despite these observations, the motility of chromosomes cannot be due solely to these factors as knockdown of CeNPe still allows the majority of chromosomes to align on the spindle during mitosis with apparently normal motility properties 64, 103 . In addition, knockout of kinetochore dynein does not have much of an effect on the rates of chromosome motility during congression 67 . Together, these studies support the idea that chromosome motility during congression is a complicated mix of interactions between both micro tubule-and motor-based forces.
Chromosome directional instability. One remarkable aspect of chromosome motility is that chromosomes exhibit an oscillatory behaviour, whereby they move both towards and away from the spindle equator throughout all stages of mitosis. This oscillatory behaviour, termed directional instability 60 , was initially thought to result from coordinated polymerization dynamics on the two sister kinetochores, with the switch mechanism controlled by tension at each sister kinetochore 60, 104 . However, mono-oriented chromosomes also exhibit oscillatory behaviour 105 , implying that oscillations can be supported by a single attached kinetochore. Support for the idea that kinetochore microtubule dynamics contribute to kinetochore oscillations comes from several observations. Treatment of cells with low levels of the microtubule stabilizing agent taxol dampens chromosome oscillations 89 . In addition, knockdown and overexpression studies in human cells revealed that the kinesin 8 KIF18A contributes to the suppression of the amplitude of kinetochore oscillations by increasing the frequency by which kinetochores change direction 106 . These data are consistent with the idea that KIF18A acts to regulate the dynamics of the plus ends of kinetochore microtubules 107, 108 . In addition, kinetochore-mediated attachments probably have at least some role in the oscillatory behaviour as disruption of the end-on attachments of microtubules results in diffusive chromosome motility 109 . Together, these studies support the notion that both microtubule attachments and dynamics at the kinetochore do indeed contribute to sister kinetochore oscillations.
However, not all forces for directional switching are associated with kinetochores. Compton and colleagues made the initially surprising observation that inhibition of the chromosomal arm-associated kinesin KID resulted in a suppression of chromosome oscillations 94 .
In support of this, mathematical models predict a major contribution from forces associated with chromosome arms in directional instability 110 . The observation that perturbation of the polar ejection force by severing a chromosome arm results in an increased amplitude of the remaining kinetochores 59 suggests that the forces on chromosome arms actually lead to tension at the leading kinetochore, which in turn affects the oscillatory behaviour 61, [111] [112] [113] . It is not currently clear whether the coordination of the two sister kinetochores is an important part of this behaviour. If regulated oscillations contribute to the process of congression the cell would undergo a tug-of-war between the kinetochores if their behaviour were not somehow coordinated. One potential player is the microtubule depolymerizing kinesin MCAK, which is important for sister kinetochore coordination during chromosome oscillations in prometaphase 114 . MCAK associates with centromeres of mitotic cells 115 , with higher levels of MCAK associated with the leading kineto chore 114, 116 . Depletion of centromeric MCAK disrupted the coordinated behaviour of sister kinetochores 114 . This phenotype might be due to an increase in the stability of the k-fibre 114, 117 , which prevents the plus ends of microtubules being optimally dynamic. However, chromosomes with unpaired kinetochores 118 and individual kinetochores not attached to chromosome arms can efficiently congress onto the spindle equator 119, 120 , suggesting that a tug-of-war between sister kinetochores is not a prerequisite for congression.
Mechanisms of chromosome segregation
Mitosis culminates in anaphase -the stage that affects segregation of the genetic material between the two daughter cells. Two types of characteristic movements occur during this stage. The sister chromatids disjoin and synchronously move poleward (anaphase A) and the spindle poles move away from one another (anaphase b) (FIG. 1b) . The timing and extent of the contributions of anaphase A and anaphase b to chromatid separation vary among different organisms. In most organisms, anaphase A and anaphase b are coincidental, although in some cells these phases can occur sequentially.
During anaphase A, chromosome movement must be synchronized with the depolymerization of k-fibre microtubules. In mammals, the bulk of this depolymerization occurs at the kinetochore 121 ; although, in other organisms microtubule depolymerization at the poles can be significant [122] [123] [124] . Thus, mammalian kinetochores resemble the once popular video-game character PacMan, who chewed through the maze to get to the target. This property implies that kinetochores possess two precisely coordinated activities that are responsible for walking along the microtubule wall and simultaneously depolymerizing the microtubule plus end. It was shown early on that the motor for poleward chromosome motion was at the kinetochore 125 , and the best candidate motor is cytoplasmic dynein, which is associated with kinetochores 84, 85 . However, trying to show a direct link between cytoplasmic dynein and anaphase A chromosome movements has been hampered by the fact that dynein functions in multiple aspects of mitosis, including centrosome separation, focusing of microtubule minus ends and in the mitotic checkpoint. Thus, global inhibition of dynein causes multiple defects in spindle assembly that can indirectly affect the rates of chromosome movement in anaphase 67, [126] [127] [128] [129] . It has long been hypothesized that a microtubule depolymerase at the kinetochore would be associated with anaphase A microtubule depolymerization at the kinetochore. Identification of MCAK at centromeres 115 first gave credence to this idea; however, disruption of MCAK causes defects in chromosome segregation that are probably due to improper attachment of chromosomes rather than to defects in the motility of chromo somes 116, 130 . In Drosophila melanogaster embryos, inhibition of the kinesin 13 KlP59C correlates with a reduction in chromatid-to-pole movement 131 . However, a functional equivalent has yet to be identified in verte brate cells. like kinetochore micro tubule depolymer ization, spindle pole microtubule depolymerization has been associated with members of the kinesin 13 family [131] [132] [133] . In particular, it has been postulated that KlP10A in D. melanogaster and KIF2A in vertebrates are responsible for minus end depoly merization and anaphase flux 131, 133 . How these activities are controlled in metazoa remains unclear.
One interesting question is whether the same activities that drive chromosome movement during congression also act during anaphase. It is important to note that although the bulk of chromosome movement during anaphase is poleward, the chromosomes do exhibit transient oscillatory movements, suggesting that some anti-poleward forces are still active 60 . Another interesting possibility is that proteins, such as those of the NDC80 complex, may act to couple kinetochores to depolymerizing microtubules, an idea that is yet to be explored.
It is clear that both cytoplasmic dynein and multiple members of the kinesin 13 family act during both congression and anaphase. It will therefore be crucial to dissect which defects are due to a specific requirement of the protein in anaphase and which anaphase defects arise as a consequence of earlier defects in prometaphase. In addition, it will be important to determine whether microtubule depolymerization drives chromosome movement, and motors are used as couplers to stay attached to the depolymerizing microtubules, or whether the motors have a more direct role in the poleward movement of the chromosomes.
conclusions and future directions
The studies reviewed here reveal the complex nature of chromosome movements. Traditionally, much attention was paid to chromosome segregation during anaphase, but now the mechanisms that ensure proper kinetochore attachments and chromosome congression have moved to the forefront of research in mitosis. It has become clear that chromosome congression is an extremely complex process that serves multiple purposes in cells. Congression is needed to align chromosomes at the spindle equator and to promote bi-orientation of chromosomes to the two spindle poles. like many aspects of spindle function, congression seems to be a highly redundant process comprised of multiple independent mechanisms that contribute to the alignment of chromosomes. This redundancy is necessary because defects in the alignment of chromosomes lead to segregation errors that contribute to genomic instability.
One emerging theme is that although multiple mole cules have been implicated in the process of congression, not all congression defects are equivalent. For example, knockout of many proteins causes a defect in chromosome alignment, and the severity of the defect varies tremendously, implying that certain proteins are more central to the congression process than others. In addition, defects in the organization of the spindle itself contribute to defects in chromosome motility 134 . This suggests that it will be necessary to dissect which proteins have a direct role in the attachment and movement of the chromosomes, which proteins modulate the interaction or regulation of these proteins and which proteins are more likely to have an indirect role by altering mitotic spindle structure.
Such a complex problem will require a multidisciplinary approach to provide new insight. Clearly, the continued identification of important proteins and defining the mechanisms by which they work will provide fundamentally important information. However, there needs to be an even more sophisticated development of imaging technologies and analyses to be able to dissect chromosome and kinetochore behaviour in a more quantitative manner and without any user bias. A resurgence of biophysical approaches combined with the increased sophistication in technology will allow scientists to measure forces in both normal and perturbed systems. when combined with powerful biochemical reconstitution experiments, it may be possible to recapitulate more complex behaviours of microtubules and artificial kinetochores to understand force generation. Finally, the identification of additional players will allow for an increased complexity in the computational approaches that can be applied to uncover new ideas for force generation in the spindle, which can in turn be tested experimentally by the multiple approaches discussed above. One outcome can be guaranteed from these studies -mitosis will continue to fascinate biologists for the next century as it has done for the past 100 years.
